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RESUMEN
Se compararon la cinética de las reacciones de des­
composición térmica de artemisinina (1), un cís-1,2,4- 
trioxano, y de trans-3,3-dimetil-1,2,4-trioxano (6), en solu­
ciones de benceno, tolueno y de metanof, en tubos 
cerrados, entre las temperaturas de 100,1 °C y 171,4 °C. 
Se determinaron Jas constantes de velocidad de pseudo 
primer orden de ambos peróxidos cíclicos hasta con­
versiones de ca. 60%. Los valores de los parámetros de 
activación y los productos de reacción indican rupturas 
homolíticas de la unión 0-0 de sus moléculas como paso 
determinante de las velocidades de reacción, seguido 
de fragmentaciones en etapas. Las energías libres de 
activación (AG*) para las reacciones de 1 y 6 en bence­
no y tolueno, calculadas en el mencionado ámbito de 
temperaturas, poseen valores de 30,7 y 35,1 kcal/mol, 
.respectivamente, los que son evaluados considerando 
sus diferentes configuraciones moleculares. Además, las 
velocidades de descomposición de los trioxanos exami­
nados son sensibles a efectos del solvente de reacción.
Palabras clave: cís- y trans-1,2,4-Trioxanos - Artemisinina 
-Termófisis - Cinética de reacción.
SUMMARY
The kinetics of the thermal decomposition reactions of 
artemisinine (1), a cís-fused 1,2,4-trioxane, and trans-3,3- 
dimethyí-1 ,2,4-trioxane (6} ín soíutíons of benzene, toíue- 
ne, and methanol in sealed tubes viere compared at tem­
peraturas between 100.1° and 171.4 °C. Pseudo fírst- 
order rate constant valúes were determinad for conver- 
sions of both cyclic peroxides üp to ca. 60%. The acti­
vation parameters and the composítion of the reaction 
products were indicative of homolytic cleavage of theír 
0-0 bonds as the rate-determining steps followed by 
stepwise fragmentation.The free energies of activation 
(AG'J for 1 and 6 reactions ín the aromatic solvents were 
calculated at the middle of each temperatura range, giving 
valúes of 30.7 and 35.1 kcal/mol, respectively, whích are 
evaluated consídering theirdifferent molecular configu- 
rations. Furthermore, the rafes of the thermal decompo­
sition reactions of those trioxanes were sensitivo to sol­
vent effects.
Key words: cis- and trans- fused 1,2,4-Trioxanes - 
Artemisinine - Thermolysis -Reaction Kinetics.
RESUM
Es compara la cinética de Ies reaccions de descompo­
sició térmica de l’artemisinina (1), un c/s-1,2,4-trioxá, i 
del trans-3,3-dimetil-1,2,4-trioxá (6), en solucions de 
benzé, tolué i de metanol, en tubs tancats, entre les tem­
peraturas de 100,1 °C y 171,4 °C. Es determinen les cons­
tante de velocitat de pseudo-primer ordre cfambdós pecó- 
xids cíclics fins a conversions deca. 60%. Els valors deis 
parámetros d’activació i els productes de reacció indi­
quen rupturas homolítiques de la unió 0-0 de les seves 
molécules com pas determinant de les velocitats de reac­
ció, seguit de fragmentacions en etapes. Les energies 
Hiures d’activació (AG*) per a les reaccions d'1 i 6 en benzé 
i tolué, calculadas en el menóionat ámbit de temperatu­
ras, tenen valors de 30,7 i 35,1 kcal/mol, respectivament, 
havent-se avaluat considerant les seves diferents conft- 
guracions moleculars. A més, les velocitats de descom­
posició deis trioxans examinats són sensibles a efectes 
del dissolvent de reacció.
Mots clau: cis- i trans-1,2,4-Trioxans, Artemisinina, 
Termolisi, Cinética de reacció.
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1NTR0DUCTI0N
The importarles of synthetic 1,2,4-trioxánes has grown con- 
síderably in recent yearsw ever since the naturafíy occu- 
rring cís-fused trioxane artemisinine (1, Scheme 1) and 
some of its derivativos achieved prominence as potent 
antimalarial agents”. At first sight, these molecules becau- 
se they are peroxtdes, would appear to be thermally una; 
table. On the contrary, most trioxanes withstand heating 
to high temperaturas. Solid artemisinine (1) can be heated 
to 190 X before it decomposes.0’4‘ Slmpier bicyclic trio­
xanes (e.g. 2) are stable up to their melting points151 and 
usually only start to decompose in solution at temperatu- 
res between 114o arid 180 °C. Despite its fragüe appea- 
rance, the bridged bicyclic 1,2,4-trioxan-5-one (3) needs 
to be heated in boiling benzene before it expels carbón 
dioxide.™ In contrast, the related trioxanone 4 is exceptio- 
nal and disintegrates spontaneously at room temperatu­
ra171, probably due to their less-hindered molecular confi- 
guratíon.
Unlike the structuraüy comparable 3;3,6,6-tetrasubstitu- 
ted-1,2,4,5-tetroxanes (B)'"'121 only a studyhas been devo- 
ted to the thermolyses of 3,6-substituted-l, 2,4-trioxan-5- 
ones (e.g. 7) followed by their chemüuminescence"31, and 
a solvent and substituents effect research on the ther- 
motysis of cís-6-phenyl-5,6-(2-phenylpropyliden)-3,3-tetra- 
methylene-1,2,4-trioxane (2). Now, tn order to extend the 
results so far obtained with this type of cyclic peraxides 
related to the paíUdísm chemotrierapyns, fcínetíes and pro- 
duct studies wore perforrned on the thermal decomposi- 
tion reactions of artemisinine (1), which reveáis a proved 
therapeutic action, and frans-3,3-dimethyl-1,2,4-trioxane 
(6). This one with adifferent molecular configuration.
RESULTS AND D1SCUSSION
The rates of decompositíon at various fixed temperaturas 
of 1 in benzene, and 6 in toluene and in methanol (Table I) 
as monitored by the disappearance of the corresponding 
trioxane., were clearty first order with correlation factors in 
the ranga 0.987 - 0.999. Afthough the rates for 6 reaction 
were not actually determined at different coneentrations, 
it is assumed that as their coneentrations were sufficiently 
low (< 5 x lO'3 moles • dm-3), the observed rate constants 
valúes (k^,) should be independent of the initial concen- 
trations. However, artemisinine (1), which exhibfts the lowest 
solubility of the two trioxanes examined, proved to be ari 
exception. For its thermolysis at the highest experimental 
temperature (120.1 °C) in benzene solution, the valué of
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Scheme 1
TABLE¡
First-Órder Rate Constante Valúes for the Thermolysis 
of 1 and 6 in Solution al DifférentTemperatures.
Tempera fure 
’t
Sofrmt fúSxfrrfoxaiK]4 
moles ■ ómJ 1
s’1
a
100.1 Benzene 0.7 9.2
110.1 0.7 27.7
120.1 •0.7 69.1
120.1 1.7 88.7
135.2 Toluene 2.0 1.1
140.2 2.0 2.0
147.2 2.0 4.0
156.2 2.0 10.2
165.6 2.0 23.9
171.4 2.0 41.5
114.6 Methanol 5.0 15.0
125.4 2.0 150
125.4 5.0 45.4
131.8 5.0 85.2
140.2 * 5.0 190
145.4 5.0 307
* Trioxane Initia! coneentrations.
was about 1.3 times greater when the inilia! corlcen- 
iratkin was incraased 2.4 fold. The cause of this effect may 
be due to ’induced or co-operative decompositíon oí that 
trioxane. A simlsj- bettavior was observed in the thetmofysis 
of the 1,2 A ,5-t^raxanes!’ but at relatively tügtvK irütial can- 
centrations {> 20 x 10J moles • dm-3).
On the whole, the low valúes of the observed rate cons­
tante confirm the previously qualitative reporta already 
mentioned of the thermal stability of the 1,2,4-trioxanes'3’. 
However, it appears that at roughty the same temperatu­
ra (120°-135 °Cj in aromatic solvente the trioxanes itera 
studled display rate constaras valúes irv the order 1 > 6, 
which would reflecte structural and configuration diffe- 
rences. This behavior is not expected because the rate 
determining steps for the unimolecular thermolysis of both 
molecules should be the ruptura of their 0-0 peroxydic 
bonds. Actually it has been suggested that heating 1 cau­
se the 0-0 bond to breafc homofytfca/fy.114’ For the ther­
molysis of 6 it was already demorvstrated that the rate- 
determining step is also the cJeavage of their peroxydic 
bond. Artemisinine (1) is a cis-fused tetracyclic cage-type 
molecule in which the trioxane ring is locked in a boat con- 
formation, whereas the trans-fused trioxane 6 like trans- 
decalin'"’ cannot undergo conformational inversión, in this 
case the first-fbrmed oxygen bíradicais, in the toluene sof- 
vent, would be held cióse together thereby f avouñng a f ás­
ter recombination wühin the solvent cage to the initiaJ trans- 
trióxane molecules.
M* «**■ **♦
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Scheme 2
Conceming the kinetic solvent effects on the thermolyses 
here considerad, the rale constaras for 1 and 6 reactions 
were significanüy faster in mediano! than in the hydrocar- 
bons (T able 1). The dirierenttal solvent eftect may be ascrl- 
bed to the steric environments situated around the cyclic 
peroxide moiecules. This may be due to the configurations 
oí theír correspondíng reactíon transítíon states. ín the 
trans-fused bicyclic trioxane 6 both the a and (3 faces of 
the molécula are egually accessible to the solvent mole- 
cules leading to a relatívely more stable transrtion state. 
On the other hand, it is known that the peroxydic bond in 
1 molecule is shielded so that a potential complexing agent. 
or solvent can onty approach on one síde. Thus, com­
pared to 6 reaction, solvating the 1 transrtion state should 
be less effective, rende ring less thermal stability. Similar 
solvent effects have been shown to opérate for those 
1,2,4,5-tetroxanes that are substituted by non-bülky subs- 
tituents.1"’ However, rt is significan! that the trioxanes inves- 
tigated in this work, despite theír remarkable structural dif- 
ferences, display commensurate valúes of thermal stability. 
Furthermore, the free energies of activation (AG") for 1 and 
6 reactions in the aromatic solvents, calculated at the midd- 
le of each temperatura ranga of the thermolysis, give valúes 
of 30.7 ±1.2 and 35.1 ± 0.2 kcal/mol, respectively. Those 
valúes for the thermolysis of the trioxanes are typica! of 
highly stable peróxidos. Relaled examplés are trioxane 7 
(Scheme 1) and adamantylideneadamantane-1,2-dioxe- 
tane. The former exhibits an activation energy of 35.6 
kcal/mol'5’; the latter resembles 1 in having a rigid policy- 
clic structure and üke 1 gives a similar valué for the free 
energy oí activation."” Trie valúes of AG* for 6 in toluene 
and methanol, taken in the middte temperatura rango of 
153.3° and 130.0 °C, respectively, are cióse to that pre- 
víousfy íound"”(39.9 ±1.4 kcaí/lmoí) ín n-octarre at 175 "C. 
Therefore, on kinetics grounds it is reasonablé tó assume 
that the trioxanes examined decompose in much the same 
way by initial homolytic breakage of the 0-0 bond. 
Furthermore, the product compositionsarising from 1 and 
6 thermolysis are consistent with a first-formed dioxy-bira- 
dicat whích trien has (he criance to decompose or react 
further with extemal moiecules such as solvent to give 
secondary products. Thus, the producís of 1 reaction5’ pró­
vida an instructiva preceden! (Scheme 2).
Here, 8 and 9 are only explicable in terms of step wise radi­
cal processes. According io ferrous ion-caialysed studies00’ 
"'on artemisinine reaction it is now thought that the path 
leading to 8 starts from the dioxy-biradical 10 which rea- 
rrangesto theC-centred biradical 11 by 1,5-hydrogen atom 
shift: Closure of this to the epoxide 12 followed by inter­
na! attack of the hydroxyl group gives 8. In the case of bira­
dical 10 arising from 1 reaction, it has two courses of reac­
tion that are dictated by the architecture of the molecule: 
the firsl has already been discussed; the second course is 
driven by the thermodynamic stability that is acquired by
írüCwv
A
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Scheme 3
the simultaneous formation of the acétate group and Ihe 
C-oentred radical 13. As the latter lies ctose to the residual 
oxy-radical they immediately couple so creating the tetrahy- 
drofuran 9.
The acquisition of thermodynamic stability governs the 
mechanism of thermolysis of 6. The loss of a molocule of 
acetone from the dioxy-biradical 14 (Scheme 3), genera- 
tes the trans-dioxy biradical 15.
The scission of this moiety creates adipaldehyde (16). 
Surprisingly, even in benzene sotution, 15 manage to react 
with a hydrogen-atom donor to afford traces of trans-1,2- 
cyclohexanediol (17). In methanol as solvent, 16 undergo- 
es aldol condensation to give first 18 and then cyclopen- 
tenal (19) on dehydration. As before, 15 is reduced to the 
diol 17. In toluene solution, much less 16 as product is 
observed (Table II). Clearly, the dioxy-biradical 15 is 
promptly interceptad by moléculas of toluene (20), abs- 
tracting hydrogen atoms to íorm the díoí 17 and the benzyí 
radical (21). Dimerization of the latter accounts for the pro- 
venance of bibenzyi (22), while benzyl alcohol (23) and ben- 
zaldehyde (24) presumably arise from 20. Subsequently, 
23 could also dónate hydrogen atoms to 15thereby accoun-- 
ting for the production of benzaldehyde (24) and the diol 
17. This mechanistic picture is.supported by the fact that 
the amounts of the tofuene-derived producís íncrease with 
temperature, reaction time, and inrtial concentration of 6 
in the solutions.
TABLE II
Producís Arising from the Thermolyses of 6 in 
Different Solvents".
Trioxane" Solvent Reaction Products'
6 (0.024) Benzene adipaldehyde (16, 97%), acetone (3%), 
trans-1,2-cyclohexanediol (17, traces)
6 (0.023) Methanot cyclopentenat (19,92%), adipaldehyde 
(16, 4%), trans-1,2-cyclohexanediol 
(17,4%), acetone (traces)
6(0.013) Toluene benzaldehyde (24, 90%), benzyl alcohol 
(23, 5%), cyclopentenal (19, 3%), 
dibenzyl (22, 2%), adipaldehyde 
(16, traces), trans-1,2-cycíohexanedíoí 
(17, traces) acetone (traces).
* For reaction conditions see EXPERIMÉNT AL; * Initial molar con- 
centrations of irioxane;cl lndicated in order of relative abun- 
dance; Ratios expressed as % of otal GG-MS peak ateas (TIC 
mode) of all the reaction products observed.
CONCLUSIONS
The chief findings of the present study are the high ther- 
mal stability of the 1,2,4-trioxane ring and the stepwise 
manner by which 1 and 6 decompose after initial homoly- 
sis of the 0-0 bond. Both trioxanes reactions are charac- 
terised by free energies of actívation of similar magnitude. 
Nevertheless, conformational and configurational diffe- 
rences are seen. The trans-fused bicyclic skeleton of 6 
exposes both sides of the peroxide bond thereby favou- 
ring a stabilising solvent effect. For 1 reaction the attack 
of the solvent molecuies would be less marked owing to 
greater shielding of the peroxydic bond. Moreover, trié 
decomposition producís for both trioxanes reactions, espe- 
cially the formad in toluene solution, are typica! of those 
originating from stepwise radical processes.
The present results parallel those obtained for the thér- 
molysis of substitutod 1,2,4,5-tetroxanes in the gas10 and 
solution pirase1* and for other cís-fused 1,2,4-trioxanes.'"'TO 
They too decompose by unimolecular homdysis of the O- 
0 bond in a stepwise mechanism characterised by the acti- 
vation parameters, the valúes of which fall within a narrow 
range influenced by steric"0’ and solvent effects.," '2’'<’
EXPERIMENTAL
Materials
Natural artemisinine (1) was extractad in this labora tony 
from Artemisia annua l_, and canveniently purified accor- 
ding to a literatura method.1”1 Some experiments were per- 
formed with a commercial sample (Sigma-AIdrich Co., USA) 
kindly given by Professor Luis Bruno Blanch. trans-3,3- 
d¡methyl-1,2,4-trioxane (6) was prepared as already repor- 
ted.m The purity of 1 and 6 were checked by RP-HPLC and 
GC analysis. Commercial solvente of analytical grade were 
used tor the tónetic experiments. They were puritled prior 
to use by appropriate techniquesn3> and distilled from a 
saturated solution of the sodium salt of ethylenediamine- 
tetracetic acid (Na?EDTA). The foregoing treatment remo­
ved traces of metallic ions that would otherwise catalyti- 
cally accelerate the thermal decompositions.
Kinetic and analytical methods
Pyrex glass tubes (6 cm long. x 6 mm extemal diameter, 
wall thickness ca. 1 mm), half-filled (ca. 0.4 mi) with asolu- 
tíon of the 1,2,4-trioxane, were thoroughíy degassed fn 
vacuum at -190 °C and then sealed with aflame-torch.The 
ampoules so preparad were immersed in a thermostati- 
cally controlled sificone oil bath (± 0.1 °C) and withdrawn 
one-by-one at selected inlervals. Cooling the anipoule at 
0o C quenched the reaction. The concentration of the trio- 
xane remaining in the solution and the products composi- 
tion were monítored by GC anafysís fn a Hewfett-Packard, 
(Palo Alto, CA, USA) 5890 modei, series II Plus rnstrumerit, 
with Ni as carrier gas and F1D detection at 300 °C.
Analysis of the products of decompositíon of 6 was carried 
out in a capillary silica-fused 5% phenylmethylsilicone 
column (Heiiflex, RSL-150, bonded FSOT, 30 m length, 0.25 
mm intemal diameter, 0.25 pm film thickness), program- 
med from 80 ”C (3 mín) to 90 ’C at a rate of 50 “C/min with 
the injector port temperature kept at 120 nC. Forthe kine- 
tics of 1 decompositíon, a silica-fused megaborecolumn 
(AT1, Alttech Assoc., tac., USA) impregaated with palydi- 
methylsiloxane (10 m length x 0.53 mm intemal diameter, 
1.2 pm film thickness) was used, and programmed from 
130 °C (2 mín) to 200 °C at a rate of 20 °C/min with the injec- 
tor port at 180 °C. Solutions (4 pL) were injected using a 
7:1 split ratio with Na as carrier gas. In this case the analy- 
tical results were obtained by the absolute GC quantitati- 
ve method by using the peak area normalization with a 
valué of 2000 in the area rejection setting of the Hewlett- 
Packard (Palo Alto, CA, USA) model 3395, recording ínte- 
grator.
In some runs the GC results for the kinetics of 1 dccom- 
position were corroborated by RP-HPLC analysis. In this 
instance, a Pharmacia LKB chromatograph equipped with 
a Spherisorb SuperPack RP-C18 column (100 mm length 
x 4.0 mm intemal diameter, ODS, 2.5 pm), at 25 °C was 
employed. The mobile phase was Me0H-H20 (7:3, v/v), 0.8 
mL/min flow-rate at 12.6 mPa pressure). Samples or stan- 
dards were dissolved in the same mixture of solvents; 20 
pL of solutions were injected with UV detection at 220 nm 
or in soma case, using a Pharmacia LKB differential refrac- 
tive índex detector.
The valúes oí toe ffrst-order rate constants for toe toer- 
molysis oí 1 e eaicuiated by a teas! mean aguares tre- 
atment of toe databy piotting lr> f % artemlsinine peak area] 
against time; In the case of 6thermolysis, logarithm of the 
trioxane concentration against reaction time ptots werp 
employed. In order to ensure accuracy in toe GC analysis 
the range of experimental temperatura had to be narrowly 
restricted (20" - 36 "Cj. The free energíes of actívation para- 
meters reported were obtained from the Eyring equation: 
k = koT/h exp (-AG7RT) where ka/h = 2.084 x 10” degree-' 
s' and R = 1.986 caVmol K. Error timits were determined 
in the usual way”4’.
Product analysis
Solutions of 6 in methanol, benzene and toluene in sealed 
ampoules were decomposed at 150°-180 °C for 4-16 h. The 
reaction products were identified by comparing the reten- 
tion times (RT) of the GC peaks wito toóse of autoentic 
samples or by examining the mass spectra. obtained by 
coupfing toe GC to a Mass Selectíve Detector (Hewfett- 
Packard 5972 A model). Under the above GC anatytical 
conditíons, the approximate RT valúes (in min) were toe 
following: 1.8 (acetona), 8.7 (benzaldehyde), 9.6 (cyclo- 
pentenal), 10.1 (benzyl alcohol), 10.9 (adipaldehyde), 11.3 
(trans-1,2-cyclohexanediol and 15.1(6).
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